Publisher: IEEE © 2020 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works. Abstract-The performance of underwater visible light communication (UVLC) system is severely affected by absorption, scattering and turbulence. In this paper, we study the performance of spectral efficient DC-biased optical orthogonal frequency division multiplexing (DCO-OFDM) in combination with the transceiver spatial diversity in turbulence channel. Based on the approximation of the weighted sum of lognormal random variables (RVs) that describe the oceanic turbulence condition, we derived a theoretical exact bit error rate (BER) for spatial diversity DCO-OFDM systems. The simulation results are compared with the analytical prediction, confirming the validity of the analysis. It is shown that spatial diversity can effectively reduce the turbulence induced channel fading. The obtained results can be useful for designing, predicting and evaluating the DCO-OFDM UVLC system in a weak oceanic turbulence condition.
bandwidth. Hence, the data rate is limited to a few kbps [1] . Recently, optical wireless communication (OWC) has attracted considerable attention due to the promise of license-free operation and high data rate. The low absorption in the bluegreen optical spectrum and recent advances in light-emitting diodes (LEDs) and laser diodes (LDs) technologies have enabled high-speed underwater visible light communication (UVLC) with low cost, small size and low power consumption [2] . UVLC is regarded as an effective complementary technology to conventional acoustic communication, providing an efficient and robust communication system between surface vehicles, underwater devices/divers and seafloor infrastructure [3] . Despite all these advantages, enabling reliable UVLC is very challenging as the UVLC channel is very dynamic and complex due to absorption, scattering, misalignment, turbulence and physical obstruction [4] . These factors cause high power loss, and random fading of the received optical signals. These adverse impairments not only limit the widespread usage of UVLC systems for longer ranges but also degrade the performance in short-range communications. Hence, it is essential to have a good understanding of the underwater channel; thereby adopt effective and efficient modulation scheme, coding and diversity techniques at the transmitter and receiver to mitigate the degrading effects.
Considerable research has been carried out to characterize the UVLC channel. Monte Carlo approach is a popular tool to simulate the channel. It uses statistical methods to obtain channel characteristics by tracking and recording the propagation of numerous photons through the medium [5] , [6] . Gabriel et al. utilized the Monte Carlo approach and quantified time dispersion of optical signal for different water types [7] . A closed-form expression of the impulse response for a UVLC link is presented by using double-Gamma function to fit the > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < Monte Carlo simulation results [8] . To take multiple scattering into account, a weighted double-exponential model for a path loss is proposed in [9] , [10] by fitting the UVLC simulation data obtained from the Monte Carlo method. F. Miramirkhani et al carried out a channel modelling and characterization study taking into account the presence of human and man-made objects to investigate the effects of shadowing and blockage [10] . Many of these studies focus on the effect of absorption and scattering on the channel, ignoring the turbulence induced fading which significantly impairs the performance [11] . Recently, many valuable studies have been performed to characterize the fading effects by multiplying the fading-free impulse response with a fading coefficient modelled as a lognormal random variable (RV) for weak oceanic turbulence [4] , [11] , [12] .
Due to its simplicity and cost-effectiveness, UVLC uses intensity-modulation and direct-detection (IM/DD) with a simple modulation scheme such as on-off keying (OOK). However, the performance of the intensity based OOK modulation with a fixed threshold detection severely degrades even in weak turbulence [13] . The optimal performance can be obtained by considering adaptive thresholds, which require channel state information (CSI). However, due to a random fluctuation of the channel state, the adaptive threshold approach is practically very challenging. In order to overcome the limitations of OOK scheme, subcarrier intensity modulation (SIM) schemes such as subcarrier phase shift keying (SC-PSK) and subcarrier quadrature amplitude modulation (SC-QAM) have been proposed in optical communication systems [13] [14] [15] . In the SIM scheme, several independent SC streams are combined into intensity modulated optical signal which results in higher system throughput and flexibility in signal multiplexing [14] . Orthogonal frequency-division multiplexing (OFDM) is a special SC scheme with an orthogonal spacing of subcarrier. OFDM is widely utilized in the VLC system because of its high spectral efficiency, resilience to ISI and frequencyselective fading [16] [17] [18] . Though OFDM outperforms a number of modulation schemes in a band-limited channel, its performance is also impacted by the turbulence induced fading even in weak turbulence [18] .
In order to mitigate the effect of oceanic turbulence on UVLC, several approaches have been studied such as adaptive optics [19] , coding [20] , relay-assisted network [21] and spatial diversity at the transmitter or/and receiver; also known as multiple-input-multiple-output (MIMO) system [4] , [22] [23] [24] . Among them, spatial diversity is considered to be one of the most effective solutions. Spatial diversity can mitigate not only turbulence-induced fading but also effectively decrease the possibility of temporary blockage due to an obstruction (e.g., fish). Meanwhile, it also reduces the required power per source which helps to maintain the safe transmitting power density [22] .
Though MIMO-OFDM has potential to provide a high data rate as well as mitigate the turbulence effect, to the best of the authors' knowledge, there is no prior work to evaluate the effectiveness of MIMO-UVLC with OFDM for the oceanic turbulence channel. Hence, in this work, we study the performance of DC-biased OFDM (DCO-OFDM) for UVLC in a weak turbulence channel. Applying the approximation to the weighted sum of lognormal RVs, we derived an analytical exact bit error rate (BER) for MIMO-OFDM with various spatial diversity orders in the presence of weak turbulence. Furthermore, the analytical results for different turbulence strength are verified using Monte-Carlo based simulation of DCO-OFDM with various diversity orders and DC-bias levels. DC-bias levels are optimized to avoid significant clipping noise due to low clipping level and waste of optical power due to a very high clipping level. Furthermore, the diversity gains for various diversity orders under different turbulence strength are also established.
The remainder of the paper is organized as follows. In Section II, the system and channel models are described in detail. In Section III, the BER performance analysis of the UVLC QAM-DCO-OFDM-MIMO systems is derived for the weak turbulence modelled by a lognormal distribution. In Section IV, the numerical results of channel characteristics and BER performance are presented. The paper concludes with a summary given in Section V.
II. MIMO-UVLC SYSTEM

A. System model
The block diagram of the proposed diversity MIMO-OFDM scheme is shown in Fig. 1 with M transmitters and N receivers. We have adopted the optical OFDM due to its spectral efficiency and resilience to ISI resulting from multipath propagation due to multiple scattering, particularly in harbor water. As described in various literatures, the traditional OFDM cannot be applied to IM/DD VLC (or OWC in general) due to the requirement of real and unipolar signal in IM/DD optical systems. Hence, various modified OFDMs have been proposed [25] , [26] . In this work, we have adopted the DCO-OFDM as it outperforms other optical OFDM for UVLC [27] . In order to generate DCO-OFDM, we followed the standard practice of mapping input bits stream to L-QAM constellation (where log2(L) > 0 is an integer) followed by serial-to-parallel (S/P) conversion [28] . Then, to ensure real signal at the output of inverse fast Fourier transform (IFFT), the input symbol Xm to IFFT maintains a Hermitian symmetry, i.e. the subcarriers of the L-QAM OFDM symbol must satisfy:
where * is the complex conjugate operation and ሠ ዉዉ is the fast Fourier transform (FFT) size.
In this work, we assume a short distance line-of-sight (LOS) link in coastal water. Due to a short delay spread and longer OFDM symbol duration, the effect of ISI is negligible. Furthermore, the focus of the study is to evaluate the performance of OFDM in turbulence UVLC channel and hence we only consider scattering-induced path loss and turbulence but ignore the ISI.
The resulting signal after the IFFT operation is then clipped > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < to the upper and lower levels to limit the dynamic range of DCO-OFDM signals. The clipping level affects the performance of DCO-OFDM. In this work, the optimization of the clipping level is not considered as this has been carried out in a number of studies [29] , [30] . The clipped signal is converted to an analog signal by a digital-to-analog (D/A) converter, followed by addition of a suitable DC-bias to ensure a positive signal. The DC-bias ማ ክኬ is given as [25] :
where ሳ is the normalized bias and ሗ ዖ is the energy per symbol. The signal is pre-clipped at ሷማ ክኬ to ensure positive signal after addition of DC-bias.
In this work, the repetition coding (RC) technique in which transmitters simultaneously emit the same signal is adopted as RC outperforms orthogonal space-time block codes for VLC [31] . The optical signal through an underwater oceanic channel experiences turbulence modelled as lognormal distribution (detail of the optical channel is provided in the following section) before being collected at the receiver. The received optical signal is firstly converted into an electrical signal and then combined using equal gain combining (EGC). Though the maximum ratio combining (MRC) is the optimal combining scheme, it requires the channel state estimation, which is challenging in a dynamic environment. Hence, the EGC is selected due to its simplicity.
In order to make a fair comparison between the system with and without diversity, the total transmitted optical power and receiver aperture are kept the same. Hence, the optical transmission power for each transmitter is Ps/M and receiver area for each receiver is D/N. For simplicity, D is normalized to 1 in the analysis in the following section. The MIMO channel ዑ includes path loss and turbulence ሮዉ ዐዑ ሴ ዐዑ ሯ ዐዑዑሰሥ , where ዉ ዐዑ and ሴ ዐዑ represent the fading coefficient and channel path loss th th (or DC gain) from the m transmitter to the n receiver, respectively. Using RC and EGC, the received instantaneous electrical signal can be expressed as [14] :
The rest of processing is the same as the conventional OFDM receiver: FFT operation, followed by signal decoding. We use maximum likelihood detection (MLD) for signal detection i.e. the constellation vector ው ላ is decided by the minimum Euclidean distance between the actually received signal vector ሑ and all potential received signals as given by [31] :
where H is the channel matrix, ላ denotes all possible transmitted signal vectors, Py is the probability of y conditioned on ላ & H and ሑዔ ሑ ሺ stands for the Frobenius norm.
B. Attenuation and Fading Statistics of UVLC Channel
The optical beam propagating through water has photons interacting with water molecules and other particles. The interaction induces energy conversion from optical to thermal or chemical, resulting in path loss. If the particle size is comparable to the wavelength and the refractive index varies, then photons change the transmission direction known as scattering. The scattering results in received photon loss due to the likelihood of photons deviating from the receiver aperture [24] . The phenomenon of absorption and scattering can be characterized by absorption coefficient a(λ) and scattering coefficient b(λ), where λ is the optical wavelength. Total effects of absorption and scattering on the energy loss are considered as attenuation characterised by extinction coefficient c(λ) = a(λ) + b(λ). Hence, the received irradiance ማ after the transmission of distance d is calculated using the Beer-Lambert law given by:
where ማ ሤ is the transmitted optical power. Beer Lambert's law severely underestimates the received power especially in the scattering dominant regime as some of the scattered photons are still captured by the receiver [8]- [10] . So, it is more precise to use Monte-Carlo ray-tracing simulation to determine actual channel characteristics. In [8] , the channel ዐሰሥ ዑሰሥ impulse response (CIR) is modelled by a double-Gamma where ሴ denotes the photodiode (PD) responsivity, k is the function shown as follows: > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < ሴሪቀራ ሼ ሕ ሥ ኯቀሱ ሯኬ ሞ ኯ ስ ሕ ሧ ኯቀሱ ሯኬ ሠ ኯ ዑ (6)
ሪቀ ቂ ቀ ሤ ራዑ
where ሕ ሥ , ሕ ሦ ዑ ሕ ሧ and ሕ ረ are the four parameters to be solved by the least mean square (LMS) fitting algorithm and ኲቀ ሼ ቀ ሶ ቀ ሤ ዑ where ቀ ሤ ሼ ሰኔቂ is the propagation time i.e. the ratio of transmission distance d over light speed ቂ in water. .Using CIR, the path loss and the root mean square (RMS) delay spread can be calculate, which provide reference to energy loss and maximum data rate, respectively [10] , [15] .To approximate the path loss ሚሪሰራ accurately, a weighted function of two exponentials is proposed as [9] , [10] :
where the weighted parameters ር ሥ ዑ ር ሦ ዑ ር ሧ and ር ረ are similarly calculated by fitting to the Monte-Carlo simulation data. Furthermore, fluctuations in temperature and salinity in the underwater cause a random variation in the refractive index causing optical turbulence. The turbulence results in optical signal fading. Lognormal distribution is widely used to model weak turbulence for both diffusive LED-based and collimated laser-based UWOC links [4] , [22] [23] [24] , [27] . The numerical and experimental studies in [32] have revealed that lognormal can aptly match the histogram of the acquired data in many of underwater channel conditions, although there are some specific scenarios where lognormal failed to model the fading. Moreover, the weighted sum of lognormal RVs is more easily approximated than other statistical distributions so that it is helpful to use probability density function (PDF) of fading model to directly evaluate the BER performance of EGC spatial diversity systems without the aid of moment generating function (MGF) and characteristic function (CHF). Therefore, we employ the lognormal fading model for weak oceanic turbulence in this paper, as given by [24] :
where α is the turbulence-induced fading coefficient, expressed as ርሡቾኁቹኀኁኄቿታቾሪቤዔ ለ ዑ ቦዚ ለ ሦ ራ, ሺ ኑ and ቀ ሦ ኑ denote the mean and variance of the normal-distributed fading log-amplitude ሥ ሦ and ዙ ሼ ቾኀሪዉራ ሡሣቛዙዑ ዔ ለ ዑ ዚ ለ is known as the fading log ሦ amplitude. To ensure that no energy loss or gain during the turbulence-induced fading process, the fading amplitude is normalized, i.e. Eሮዉሯ ሼ ባ, leading to ዔ ለ ሼ ሶዚ ለ ሦ , where E[.] is the expectation operation. Usually, the scintillation index ዚ ኲ ሦ is used to quantify the turbulence strength, which is defined as [24] :
The relation between the scintillation index and logamplitude variance can be described as:
In order to take into account turbulence effects, the channel impulse response is multiplied by a multiplicative fading coefficient ዉ ሼ ቷኊኂሪቤዙራ.
III. BIT ERROR RATE ANALYSIS FOR EGC
From (3), the electrical signal-to-noise ratio (SNR) ሰ ሹሻሷ of ECG can be derived as [14] :
For the transmitter-receiver diversity, we can simplify
ዐሰሥ ዑሰሥ ዌሰሥ
Furthermore, we can use another lognormal variable to approximate the weighted sum of lognormal random variables [15] [33] . So, we have
where ዉ ዖዘዐ is the weighted sum of log-normal distributed turbulence coefficients and z is the corresponding normaldistributed variable. Assuming all branches experience normalized independent identical distributed (i.i.d) lognormal fading, we can obtain the variance and mean of z as [33] . (12) and (13) into (11), we obtain:
where ዋኗ ሼ ሰ ኇዎኹ ዎ ሱ Eሮቄ ሦ ሪቀራሯ represents the average electrical ሉ SNR. The expression in (15) provides SNR for ECG diversity. Furthermore, the analytical expression for the BER performance of L-QAM O-OFDM can be approximated as follows [29] , [30] :
where Q(.) is the Gaussian-Q function, ዋ ወዉዉ is the effective electrical SNR per received symbol. When the DC-bias is large enough to avoid any clipping distortion, we have [30] :
In the turbulent channel, the average BER can be obtained by integrating BER expression over the fading coefficient. From (15) , (16) and (17), the BER ሼ ወ is given by (18) . So, by the approximation of the weighted sum of lognormal RVs an MNdimensional integration is reduced to a one-dimensional integration, thereby we can deduce an exact BER for the spatial > REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < diversity L-QAM O-OFDM system over weak oceanic turbulence.
IV. NUMERICAL RESULTS
In this section, we report numerical results obtained for the channel impulse response and BER performance of 4-QAM DCO-OFDM UVLC in the presence of weak turbulence. We employed Monte-Carlo Ray tracing method to simulate fadingfree impulse response (FFIR) and path loss (PL). The simulation parameters are summarized in Table I . In order to verify the validity of the simulation results, we first simulated the optical path loss and FFIR using Monte Carlo Ray tracing approach and compared with the theoretical fitting functions in (7) and (6), respectively. Fig. 2 shows the path loss coefficient as a function of the link distance and FFIR of the optical link at a link distance of 12 m. Note that in Fig.2 (b) , the start time of impulse response is shifted from ቀ ሤ to zero. The path loss coefficient as a function of distance fits well with a double-exponential function with an R-square of 0.9999. Similarly, the FFIR demonstrates a good match with a double-Gamma function fitting with the R-square value of 0.9979. These results confirmed the validity of Monte Carlo Ray tracing method. Moreover, the FFIR shown in Fig.2 (b) has an RMS delay spread of ~5.4 ps and hence the maximum symbol rate that can be supported without ISI is up to 18.5 Gbps. The bandwidth of the state-of-the-art LEDs is less than 1 GHz, which is significantly lower than the channel bandwidth, we did not consider ISI in the simulation as well as the BER analysis outlined in section above.
With this verification, we then calculated the FFIR and channel gain hmn between the m th transmitter and n th receiver for a diversity system with various orders. The channel matrixes for different diversity orders are given in Table II in terms of channel gain, where the diversity order is equal to the product of M transmitters and N receivers.
The focus of the study is to evaluate the performance of DCO-OFDM in the presence of turbulence while the optimization of DC, i.e. clipping level, is not considered. However, in order to avoid the effect of clipping level on the BER performance, we first simulated the BER performance of single-channel in an AWGN channel with various normalized DC-levels. Fig. 3 displays the BER performance of 4-QAM DCO-OFDM for various DC-bias levels. The figure also shows the theoretical BER prediction using (16) . Note that the SNR expression includes power due to the DC-bias level and modulating signal. As can be seen from the figure, the theoretical prediction and simulation results match closely for the large DC-bias level of g ≥ 3 that avoids significant clipping distortion. There is a small deviation between the theoretical and simulated results for g = 2. However, at g = 1, the simulation results show that there is a BER floor of 10 -3 . This is due to high clipping noise. The clipping noise is not included in the theoretical prediction and hence there is a difference in the theoretical and simulated BER for g = 1 & 2. Furthermore, the figure clearly demonstrates that increasing DC-bias level reduces the electrical power efficiency. Hence, g = 3 is selected in the rest of the study as this offers the best electrical power efficiency without any clipping noise. Using the parameters in Table II , we evaluate the BER performance of 4-QAM DCO-OFDM with various spatial diversity orders for a turbulence channel. A pseudorandom binary sequence (PRBS) of 2 18 was generated and converted into an OFDM signal using the block diagram in Fig. 1 . The UVLC turbulent channels are slow fading, i.e. the fading coefficient remains constant over millions of consecutive bits for the transmission rate on the order of Gbps [32] . Hence, we assumed the fading coefficient is constant over an OFDM symbol duration and changes with OFDM symbols. At the receiver, EGC was used, followed by standard OFDM decoding. Finally, the transmitted binary sequence is compared with the received sequence to calculate the BER. Fig. 4 shows the comparison of the theoretical and simulated BER for 4 QAM DCO-OFDM for a turbulence channel with ዚ ኲ ሦ ሼ ቢዔቩ. The simulated BERs match closely to the analytical BERs calculated by (18) for various diversity orders with identical or non-identical path loss, verifying the theoretical and simulation study. Fig.4 . The theoretical lower bound (LB) and simulation BER performance 4 QAM DCO-OFDM in a weak oceanic turbulence channel with g =3 and ቀ ኲ ሦ ሼ ቢዔቩ with different spatial diversity orders. Fig. 5 shows the simulated BER performance of 4-QAM DCO-OFDM with spatial diversity orders of 1×1, 2×2 and 4×4 for a turbulence channel with ቀ ሦ ኲ ሼ ቢዔባ and 0.9. As a benchmark, the BER of a single channel in AWGN channel without turbulence is also given. Fig.5 demonstrates a clear advantage of diversity schemes in the presence of turbulence, especially for the strong turbulence. The diversity order of 2×2 and 4×4 outperforms the BER performance of the single channel. It is also obvious that as the turbulence strength increases, the BER performance of single-channel worsens. By comparison, turbulence strength has less influence on BER performance with a large diversity order. At ቀ ኲ ሦ ሼ ቢዔባ, the BER performance for diversity order of 2×2 and 4×4 is very close but better than that of 1×1. However, at σ ኲ ሦ ሼ 0.9, diversity order of 4×4 offers improved BER performance in comparison to 2×2 and 1×1 with an SNR difference of 4.5 dB and 15.6 dB, respectively at a BER of 10 -4 . Furthermore, EGC diversity gain for various diversity orders in the oceanic turbulence channel with different scintillation indexes is summarized in Fig.6 . Note that the diversity gain is the difference in SNR (dB) required to achieve a BER of 10 -4 for the systems with and without diversity. It is noted that for weak turbulence e.g. ቀ ኲ ሦ ሼ ቢዔባ , diversity order of 4 (i.e. a system with 2×2) is adequate to compensate for the turbulence effect as higher order does not provide further gain. However, as the turbulence strength increases, diversity gain also increases with increasing diversity orders. For example, diversity gain of 3.6 dB, 7.5 dB, 11.1 dB and 14.1 dB is obtained for diversity order of 8 with σ ኲ ሦ ሼ ቢዔባዑ ቢዔብዑቢዔቨ ኜ ቢዔቫ, respectively. This clearly indicated that a larger diversity order is required to combat strong turbulence. Furthermore, error correction coding and equalization may be used in conjunction with diversity to further improve the performance.
V. CONCLUSION
In this paper, the BER performance of a spatial diversity UVLC system in weak oceanic turbulence channel was investigated based on M-QAM DCO-OFDM modulation with EGC. We derived a theoretical exact BER for M-QAM DCO OFDM systems in the presence of weak turbulence assuming a lognormal distribution. We employed the Monte Carlo Ray tracing method to simulate the path loss and impulse response for various diversity orders. The BER of various diversity order was simulated and compared with the analysis. It is concluded that the higher diversity order is effective in mitigating the turbulence effect and diversity gain increases with the turbulence strength. For example, a diversity gain of 3.8 dB, and 15.6 dB was obtained using the diversity order of 16 with ቀ ኲ ሦ ሼ ቢዔባ ኜ ቢዔቫ, respectively. The obtained results can be useful for designing, predicting and evaluating the MIMO DCO-OFDM UVLC system in the weak oceanic turbulence condition. 
